Field and laboratory observations were carried out on the reproductive behaviour of Cyclograpsus lavauxi and Helice crassa, and the results were compared with other Grapsidae, with emphasis on New Zealand species. Mating in all species typically occurs during the intermoult and often coincides with the time of oviposition. Females of several species have been reported to mate multiple times, often in the few days prior to oviposition, leading to sperm competition within the female spermatheca. Females were found to be sexually receptive only in a short period before oviposition (e.g., C. lavauxi, Hemigrapsus crenulatus, H. sexdentatus), although some species were also receptive for about two weeks after oviposition (e.g., H. crassa). The exact duration of female receptivity is unknown for most grapsid species. Female grapsid crabs exhibit a wide range of gonopore structures which either restrict female receptivity to certain times or allow them to mate at any time. In species with restricted female receptivity (e.g., C. lavauxi, H. crassa, H. crenulatus, H. sexdentatus), the operational sex ratio is typically highly male-biased. Male-male competition was found to be intense in the four New Zealand grapsids, with frequent male-male interactions during which larger males were typically more successful in fights over females, resulting in a greater number of matings. Postcopulatory guarding, which is assumed to reduce the risk of sperm competition and to ensure paternity, has been observed in a few grapsid species (H. sexdentatus and H. crenulatus) but not in others (e.g., C. lavauxi and H. crassa). Overall, grapsid crabs employ a variety of reproductive strategies including direct competition between males for females, with postcopulatory guarding; males securing resources as sites for mating; and males having only brief interceptions with receptive females. These differences in reproductive behaviour are discussed in the context of sexual selection and the ecological and environmental differences of the habitats that grapsid crabs occupy. Mating strategies of grapsid species can be very different even if they occupy the same habitat and the females have similar duration of sexual receptivity.
The mating strategy of an animal is influenced by its 'ecological and behavioural potential to monopolise mates' (Emlen and Oring, 1977 ). An asynchronous mating season, for example, will lead to a male-biased operational sex ratio and will intensify the potential for monopolisation and sexual selection (Emlen and Oring, 1977) . Social behaviour, including mating behaviour, has often been seen as an adaptation to the particular environment in which the animal lives (e.g., Seiple and Salmon, 1982; Salmon, 1983; Abele et al., 1986) .
Several suggestions have been made concerning the general mating behaviour of crustaceans. For example, males of aquatic brachyurans are generally assumed to be attracted mainly by pheromones and have a prolonged courtship that is often followed by postcopulatory guarding (Salmon, 1983) . By contrast, terrestrial brachyurans are assumed to communicate mainly by visual and acoustic means and form short-lasting pairs without any pre-or postcopulatory associations (Hartnoll, 1969; Salmon, 1983) . Although this general pattern often applies, semiterrestrial crabs especially show a much more diverse pattern in their mating behaviour (see Christy, 1987) .
The mating strategies of grapsid crabs are likely to be influenced by the time and duration of female receptivity, the extent of male-male competition, sperm competition, and the habitat they occupy. Previously, observations of the reproductive behaviour of Grapsidae were often anecdotal, with a limited number of detailed studies, despite the fact that this family is relatively common and abundant along most temperate and tropical shores and estuaries (e.g., Griffin, 1971; Burggren and McMahon, 1988; Fukui, 1988) . Recent studies relating to grapsid reproduction were concerned with general reproductive biology (e.g., Flores and NegreirosFransozo, 1998; McDermott, 1998) , mating behaviour (e.g., Abele et al., 1986; Fukui, 1993 Fukui, , 1994 Fukui, , 1995 , reproductive structures, and sperm storage (e.g., Anilkumar et al., 1996 Anilkumar et al., , 1999 López Greco et al., 1999) .
The objectives of this study were to investigate the reproductive behaviour of two NZ grapsid crabs, the smooth shore crab Cyclograpsus lavauxi H. Milne Edwards, 1837, and the tunnelling mud crab Helice crassa (Dana, 1851) . In particular, we were interested in the site of mating activity, the duration of female receptivity and mating frequency, and whether male size is important for male mating success. Observations were carried out mainly in the laboratory with some additional observations made in the field.
Cyclograpsus lavauxi occurs on open coasts or sheltered bays in the upper half of the intertidal zone where it hides under stones (McLay, 1988) . Apart from the observation of one pair in copula in the field (Chilton and Bennett, 1929) , nothing is known about the mating behaviour of this species. However, it has been observed that reproduction mainly occurs during the summer months and that moulting mainly takes place after the breeding season (McLay, 1988) .
Helice crassa is endemic to New Zealand where it occurs on enclosed beaches, sheltered bays, lagoons, and estuaries (Morton and Miller, 1968) . Helice crassa constructs burrows mainly above mid-tide level in well-drained sediment such as sand or mud, with some burrowing in salt meadows several metres above high tide (Nye, 1977) . A burrow is generally occupied by a single crab which forages usually within a 0.7 m radius around the entrance and defends the burrow against intruders (Beer, 1959 ). The reproductive biology of H. crassa has been studied mainly with respect to seasonal changes in the occurrence of ovigerous females, including latitudinal variations, size at maturity, and the release of larvae (e.g., Nye, 1977; Jones, 1980; Jones and Simons, 1983) . Pairs mating on the mud surface have been observed by Beer (1959) and Nye (1977) . However, it is not known if mating in H. crassa also occurs in burrows as in many ocypodid crabs (e.g., Uca pugilator (Bosc, 1802) (Christy, 1982) ; Scopimera globosa (De Haan, 1835) (Koga et al., 1993) ; Ilyoplax pusilla (De Haan, 1835) .
Finally, we compared the reproductive behaviour of Cyclograpsus and Helice with the mating strategies of other grapsid species. It became apparent that grapsid crabs exhibit a wide range of reproductive strategies, from males either guarding or abandoning females after copulation, to defending resources used as sites for mating. Therefore, grapsid crabs have a similar diverse range of reproductive strategies as ocypodid crabs, although the latter appear to often have a more complex courtship display.
MATERIALS AND METHODS

Collection of Crabs
Cyclograpsus lavauxi were collected by hand monthly from January to December 1998 during low tide from underneath rocks along the intertidal zone at Governors Bay in Lyttelton Harbour (438389S, 1728399E). Mainly larger crabs were caught using this method (i.e., larger than 10 mm carapace width, range: 4.4-23.3 mm, smallest ovigerous female: 12.9 mm, n ¼ 746 females and 904 males). Additional crabs (n ¼ 513 females and 267 males) were collected from the same site for mating trials before and during the breeding season from October to December 1997.
Helice crassa were collected by hand every two months from October 1998 to August 1999 during low tide, using quadrats (0.3 m 3 0.3 m) every two metres along a 40 m transect (perpendicular to the shoreline), from the Avon-Heathcote Estuary, Christchurch (438339S, 1728449E) (n ¼ 387 females and 438 males). Samples from seven additional 20 m transects were taken from September 1999 to February 2000 to obtain more information on the occurrence of receptive and ovigerous females and sex ratios during the mating season (n ¼ 373 females and 468 males). Crabs smaller than 4 mm carapace width (CW) were not collected, and only mature crabs (i.e., larger than 7.6 mm CW) were included in the data analysis and used in the mating trials. Additional mature crabs were collected from the same site for laboratory and field mating trials before and during the breeding season in August and September 1998 and 1999.
All collected C. lavauxi and H. crassa were taken to the laboratory, where they were measured (carapace width (CW), using Mitutoyo digital callipers to the nearest 0.1 mm), sexed (using the relative abdomen width; females have a wider/broader abdomen than males), and the reproductive stage of the female determined (i.e., ovigerous or not, and whether the gonopore opercula were mobile, see below). The egg developmental stage for H. crassa was determined using a stereo microscope and categorised using morphological features as criteria: stage 1, newly deposited, with no cleavage and bright red yolk; stage 2, early cleavage and white tissue cap present; stage 3, chromatophores and limited dark brown yolk visible; stage 4, no yolk left, heart beat apparent, ready to hatch. Crabs were held under a 12 h light-dark cycle in tanks with circulating seawater of 12-158C in the laboratory. Males and females were kept in separate group tanks and fed opened blue mussels (Mytilus galloprovincialis (Lamarck, 1819)) three times a week unless otherwise stated.
To assess female receptivity, which is a prerequisite for assessing the time of mating, the gonopore opercula of all, mature, unparasitised (by the entoniscid isopod Portunion sp., which castrates the females) females were probed daily for about four weeks before and during the mating season, and on the day of collection outside the breeding season. To determine operculum mobility, the abdomen was slightly lifted and one of the two opercula was probed carefully with fine forceps under a binocular microscope at 1603. When the opercula became mobile, and could be pushed inwards like a trapdoor, females were receptive. Female C. lavauxi with mobile opercula are referred to as being receptive until oviposition, (females do not mate after oviposition and the opercula become immobile within 24 hours). Female H. crassa are referred to as being receptive during the entire time their opercula are mobile including the days after oviposition (females continue to mate after oviposition, and the opercula become immobile two to three weeks after oviposition). Females were individually marked on their first receptive day with small, coloured, numbered bee tags (round plastic discs of 3 mm diameter, glued to the carapace with cyanoacrynalat glue).
Cyclograpsus lavauxi: Mating Behaviour, Female Receptivity, and Sperm Storage
To examine the mating behaviour of individual females and their receptivity on a daily basis, short-term experiments were carried out each day during the receptive period of females (males temporarily present on each receptive day). Groups of two to eight receptive females were placed in a tank with a group of mature males (14.5-26.0 mm CW) in a female to male sex ratio of 1:1 to 1:2. The plastic tank (45 cm long 3 27 cm wide 3 15 cm high), filled with seawater (12-158C) to a depth of 5 cm, contained several rocks for shelter, and was kept at ambient room temperature of about 198C. The crabs were observed for three hours each day and notes were taken on mating behaviour, frequency, and duration. A total of 90 females were observed on each day of their receptive period (i.e., having mobile gonopore opercula), resulting in 469 receptive days with short-term trials and 51 observed matings. In addition, several receptive females were used for mating trials during some stage of their receptive cycle to obtain additional information on behaviour and spermathecal content (see also below). Males that mated in the short-term trials were not used in the following three days to avoid sperm depletion and a decrease in male sexual activity.
To examine the mating frequency of receptive females when males are constantly present, long-term experiments were carried over the entire receptive period of individual females using a video recorder on 24 h timelapse mode (0.18 s video recording interval) in 1998 and 1999. Each receptive female was placed with three different-sized males (CW small: 13.9-16.0 mm, medium: 17.1-19.1 mm, large: 19.5-22.4 mm, n ¼ 13) in a glass tank (25 cm long 3 25 cm wide 3 25 cm high) that was filled with seawater up to a depth of 15 cm, contained one rock for shelter, and was kept in a 158C constant temperature room with a 12 hour light-dark cycle. Infrared light was used during night hours to allow video recording. The water was changed daily using plastic tubes for carefully draining and refilling to minimise disturbance of the crabs. One to two hours before the water change, two opened-up blue mussels were placed in the tank, and these were removed just before the tanks were refilled. The general mating behaviour, time (day vs. night hours), frequency, and duration of matings were extracted from video recordings.
To study the spermathecae of ovigerous females from the field, freshly collected females were dissected, and their spermathecae were examined and measured. Before dissection, crabs were killed by placing them in a freezer at À158C for about 1 hour. To estimate mating activity in the field, the weight of the spermathecae were compared with those of ovigerous females with a known number of matings observed in the laboratory. The carapace and the upper internal organs were removed to expose the gonads. The two spermathecae in each female were dissected by a cut close to the gonopore. Spermathecae were considered full, when they were visible as two large, round to elongate, fully filled 'balloons'. The weight of the two spermathecae combined was determined to the nearest 0.1 mg.
Helice crassa: Mating Behaviour and Female Receptivity
Laboratory Observations.-To examine the mating frequency of receptive females when males are constantly present, long-term experiments were carried out from the first receptive day of individual females until oviposition using a video recorder on 24 h time-lapse mode (0.18 s video recording interval) (n ¼ 9). Seven of these females were further observed after oviposition for three to 16 days. Each receptive female was placed with three different sized males .0 mm) in a glass tank (35 cm long 3 17 cm wide 3 18 cm high). The set up of the tank, temperature and light conditions, and the water exchange and feeding regime were the same as for the long-term experiments of Cyclograpsus. The general mating behaviour, time, frequency, and duration of matings were recorded as for Cyclograpsus.
Long-term experiments were also carried out to examine whether burrows are used as sites for mating (11 trials with substrate) and to compare mating behaviour with that of crabs in mating trials without substrate (above). Fine sand was added to glass tanks (sloping from 11 cm down to 2 cm), with the water level not less than about 4 cm. Burrows dug by the crabs were not disturbed during the experiment (i.e., matings in burrows were only noted when pairs were not too far down into the burrow). The number of burrow matings is therefore a conservative measure. Females either collected receptive from the field or from the laboratory were observed between one and eleven days prior to oviposition. The sex ratio, tank size, and light and temperature conditions were the same as above. Crabs were monitored with a video camera, and data were extracted as above.
Field Observations.-Crabs were observed during the breeding season in field enclosures to determine where matings occur (e.g., on the surface or underground, or a combination of both) and whether males would court or guard females under natural conditions. Observations were carried out at low tide in September and October 1999 near the collection area in the AvonHeathcote Estuary. The clear perspex enclosure (50 cm 3 50 cm wide and 18 cm high) was placed onto the substrate in the upper shore area at low tide. Fifty-two nonovigerous females, which were previously held in the laboratory, were marked on their carapace with dots and stripes of ''liquid paper,'' added to the enclosures, and observed every five minutes for one minute over one hour. Of these females, 38 had mobile opercula (i.e., receptive females; 10 replicates with 1, 11 replicates with 2, 2 replicates with 3 females per enclosure) and 14 had immobile opercula (i.e., nonreceptive females; 7 3 2 females per enclosure). Their location (e.g., on surface or in burrow) and behaviours such as walking, resting, digging, and mating were recorded. The behaviour of other crabs within the enclosure was noted if they interacted with the marked females. Subsequently, all crabs within the enclosure were collected to determine the sex ratio (only mature crabs, i.e., larger than 7.6 mm CW, were used in the analysis), and to expose pairs in burrows (¼ male guarding a female in a burrow or a pair mating). The number of burrow matings is a conservative measure, as the burrows were inspected only at the end of the observation period and because females entering burrows before that could have also mated.
Female Gonopore Morphology
A range of other grapsid species was investigated to study the gross morphology of female gonopores. The main purpose was to determine whether gonopore opercula were present, if they were fully developed or reduced, and whether they were mobile. This would allow us to determine whether females are morphologically able to mate only at certain times (temporarily) or always (permanently). The gonopores were inspected under a stereoscopic microscope at 1603. If opercula were present, they were probed carefully with fine forceps to determine mobility. In addition to females of Cyclograpsus lavauxi and Helice crassa that were examined on a daily basis as described above, Hemigrapsus crenulatus (H. Milne Edwards, 1837) (see Brockerhoff 2002 ) and H. sexdentatus (H. Milne Edwards, 1837) (see Brockerhoff and McLay 2005a) were also examined before and during the mating season. Mature females of the following alcohol-preserved species were also examined: one Cyclograpsus insularum Campbell and Griffin, 1966 
Terminology and Statistical Analyses
The family Grapsidae is currently undergoing a systematic revision that may result in the establishment of several families (see Schubart et al., 2000; Cuesta et al., 2001; Schubart et al., 2002) . As this revision is still in progress, we refer to the family Grapsidae sensu lato. The Grapsidae s.l. consists mostly of semiterrestrial and intertidal species (e.g., Cyclograpsus, Hemigrapsus, Helice) as well as some subtidal (e.g., Plagusia) and oceanic species (e.g., Planes, which live on floating drift materials or turtles) (Burggren and McMahon 1988; McLay 1988) .
'Empty' spermathecae are defined as spermatheca of unmated females, meaning they have not mated in the current mating season. However, these 'empty' spermatheca may contain some sperm stored from the previous mating season. Mean values given are followed by the standard error of the mean. Data were analysed using SYSTAT 9.
RESULTS
Cyclograpsus lavauxi: Mating Season, Mating Behaviour, and Female Receptivity Ovigerous females were found during the austral summer months from November to February (ovigerous females: 1997, Nov. 8.9%, Dec. 54.7%; 1998, Jan. 45.2%, Feb. 11.1%, Dec. 9.6%). Oviposition within the population was highly synchronised and occurred within about four weeks. Only a few receptive females were found in the field during the mating season from November to December, i.e., 12 of 425 females in 1997 (0%À7.1% females receptive at any one time; operational sex ratio (OSR, receptive females per male) of 0.010-0.053), and 4 of 139 females in 1998 (2.2%À3.2% females receptive, OSR of 0.018-0.020). Receptive females were not found during any other months of the year. However, as the mating season in 1998 started a few weeks later than in 1997, it is likely that some receptive females would have been found in January 1999, if monitoring had been continued. Nine ovigerous females were found with mobile gonopore opercula in November and December 1997 and one in December 1998. This indicated that these ovigerous females had just recently laid eggs, because the opercula become immobile within 24 hours after oviposition based on laboratory observations. The female to male sex ratio of C. lavauxi was male-biased in ten of 12 months over the oneyear sampling period (mean: 0.84, range: 0.62 to 1.11).
In the field, one pair was found in copula in a crevice between pebbles under a larger rock (approx. 20 cm wide), under which two other males were also found. The mating pair was transferred to a small, water-filled container, in which they continued to mate for another 40 minutes.
In the laboratory, all mature females became receptive during the breeding season, unless they were parasitised and castrated by the entoniscid isopod Portunion sp. Females oviposited whether or not mating occurred.
In the laboratory (long-term trials), the mating behaviour of C. lavauxi was typically characterised by a male approaching a female and holding the female's carapace or pleopods with his chelipeds for about an hour (53.4 6 10.7 min, range: 5-187 min, n ¼ 27), followed by a two hour copulation (116.1 6 11.1 min, range 11-251 min, n ¼ 27), which was then terminated by a sudden separation. Females often struggled against male mating attempts and escaped on several occasions. Sometimes a female lost a cheliped or walking leg during these struggles with males. In addition, females escaped when males were fighting over access to the female (see below). Overall, more matings occurred during the night (18 of 27, 66.7%) than during the day (9 of 27, 33.3%), but this difference was not significant (paired t test: t 12 ¼À1.559, P ¼ 0.145).
In the short-term trials, only half of the receptive females mated (46 of 90, 51.1%), although all had several opportunities to mate during their receptive period. Of the females that mated, most mated once (41 out of 46, 89.1%) and the remainder mated twice. Therefore, females mated on average 0.6 6 0.1 times during their receptive period in the short-term trials. The receptive period decreased significantly with female size when females did not mate (linear regression, r 2 ¼ 0.185, P ¼ 0.004, n ¼ 44), but no correlation was found for females that mated. When all females were combined (mated and unmated) no correlation between receptivity and size was found (linear regression, r 2 ¼ 0.014,
The receptive period of females that mated (6.2 6 0.4 d, range: 2-12 d) was significantly longer than that of females that did not mate (4.3 6 0.5 d, range: 2-15 d) (ANCOVA: r 2 ¼ 0.111, F 1,87 ¼ 9.487, P ¼ 0.003; carapace width covariate).
In the long-term trials, females were receptive for 6.3 6 0.7 days (range: 2-10 days) and mated 2.1 6 0.2 times (range: 1-3 times) during this time. Mating frequency tended to decrease over the receptive period (Fig. 1) ; however, no significant correlation was found (linear regression: P ¼ 0.287). The receptive period was not correlated with female size (linear regression, r 2 ¼ 0.181, F 1,11 ¼ 0.974, P ¼ 0.345). Females that were constantly together with males (i.e., in the long-term trials) mated significantly more often than females that were only temporarily together with males (i.e., in the short-term trials) (t-test: t 15.2 ¼ 8.008, P , 0.001). However, the duration of receptivity of females was not significantly different in the long-and short-term trials (ANCOVA: r 2 ¼ 0.018, F 1,100 ¼ 1.794, P ¼ 0.183; carapace width covariate). Neither in the short-term nor long-term trials was the number of matings correlated with female size (linear regression: P ¼ 0.526 and P ¼ 0.179, respectively) or the duration of receptivity (linear regression: P ¼ 0.954 and P ¼ 0.162, respectively).
Male size had a significant effect on the relative number of matings males obtained (ANOVA: r 2 ¼ 0.479, F 2,36 ¼ 16.548, P , 0.001), with larger males obtaining on average 67.9% of the matings, medium males 25.6%, and small males only 6.4%. Larger males on average obtained significantly more matings than medium sized males (Tukey: P ¼ 0.004) and small males (Tukey: P , 0.001) (see also Fig. 7) . However, no significant difference was found in the number of matings of medium and small males (Tukey: P ¼ 0.071). In addition, larger males were more often the last male to mate with the female before oviposition (7 of 13 times) compared to medium (4 of 13 times) and small males (2 of 13 times).
One or two males frequently attacked pairs where the male was holding the female and sometimes when the pair was mating. These attacks mostly resulted in the female escaping and running away from the males (40 of 61 attacks, 65.6%). In 18 of 61 attacks (29.5%) in which a male retained control, it was the defending male that was able to hold on to and keep the female. Defenders were mainly large-(45.9%) and medium-(44.3%) sized males and sometimes small males (9.8%). Attackers were mostly large males (53.8%), followed by medium (30.8%) and small males (15.4%). Only three take-overs were observed (4.9%), and these were all when a large male attacked a pair with a medium-sized male. Therefore, an attacking male is not likely to win a receptive female from a pair directly unless he is large. However, the male might have a chance later on to capture the now single receptive female. Overall, male-male competition was intense, with males frequently fighting over females.
Cyclograpsus lavauxi: Sperm Storage Females that did not mate were able to lay fertile eggs from which larvae hatched several weeks after oviposition (data not presented). These females presumably used stored sperm from the previous breeding season 10-12 months before. In addition, these females must have been able to retain sperm throughout the moulting cycle, as mature females typically moulted after the breeding season (personal observation).
The spermatheca weight increased significantly with female size when females did not mate (linear regression: r 2 ¼ 0.397, P , 0.001) or mated once (linear regression: r 2 ¼ 0.775, P , 0.001) in the laboratory, or had been collected as ovigerous females (mated unknown times) in the field (linear regression: r 2 ¼ 0.246, P ¼ 0.001) (Fig. 2) . Furthermore, the spermatheca weight was significantly affected by the number of matings (i.e., no mating, one mating, or unknown number of matings in the field) (ANCOVA: r 2 ¼ 0.634, F 2,121 ¼ 47.516, P , 0.001). All field-collected ovigerous females had full spermathecae, indicating that they had all mated at least once during the mating season. Field ovigerous females had significantly heavier spermathecae than females that did not mate (Fisher's LSD: P , 0.001), but their spermatheca weight was not significantly different from females that had mated once (Fisher's LSD: P ¼ 0.719). Furthermore, the spermatheca weights of females that were known to have mated twice (n ¼ 2, Fig. 2) were also in the range observed for ovigerous field females. This indicates that all females in the field mate at least once and possibly more often, but that the amount of ejaculate stored does not increase in proportion to the number of matings.
Helice crassa: Mating Season, Mating Behaviour, and Female Receptivity Female Helice crassa reproduce asynchronously over several months, and ovigerous females were found in the field from early spring (August) to late summer (February) (ovigerous females: 1998, Oct. 18.8%, Dec. 21.2%; 1999, Feb. 25.5%, Aug. 3.3%, Oct. 32.4%, Dec. 40.0%; 2000, Feb. 17.2%). The majority of ovigerous females collected from transects had mobile gonopore opercula (133 of 159, 83.6%), and of these, 86.5% had stage 1 eggs. The other females with mobile opercula had eggs either in stage 2 (n ¼ 9), stage 3 (n ¼ 6), or stage 4 (n ¼ 3). Ovigerous females with immobile opercula (n ¼ 26) also had egg stages between one and four, but of those 69.2% were in an advanced developed stage. Therefore, most females with newly deposited eggs were still receptive (i.e., having mobile gonopore opercula) and able to mate, whereas the females with more developed embryos were often not receptive, had immobile opercula, and therefore could no longer mate.
Few receptive females without eggs (n ¼ 38) were found in transects, and they occurred only during the breeding season. The female to male sex ratio was usually slightly male biased (mean: 0.88, range: 0.68 to 1.09) (Fig. 3) . However, the operational sex ratio (OSR) for H. crassa was always highly male biased, ranging from 3 to 16 males per receptive female (OSR*, 0.063-0.309) and 13 to 67 males per nonovigerous, receptive female (OSR**, 0.015-0.077) (Fig. 3) . The operational sex ratio (OSR) was divided into OSR* (all receptive females (with and without eggs)) and OSR** (only receptive females without eggs) to distinguish between the two types of females that are both able to mate, but are assumed to use the sperm at different times. Receptive females without eggs have well-developed ovaries with the ova ready to be oviposited and are therefore likely to use sperm within a few days (see laboratory observations below). These nonovigerous, receptive females are therefore expected to be highly sought after by males, because their sperm are likely to fertilise the ova in the near future. In contrast, ovigerous receptive females, which mate while carrying eggs, will continue to brood eggs fertilized by another male before they lay another batch of eggs. Sperm carried by these females will therefore be stored for a longer period before it might be used (i.e., in the current or next breeding season). These ovigerous receptive females are therefore expected to be less 'interesting' for males compared to receptive nonovigerous females, because paternity is less certain as the female might mate afterwards or the female might not survive before ovipositing again.
Mating Behaviour Observations in the Laboratory.-Mating trials without a fine sand substrate.-In the longterm trials without substrate, the mating behaviour of H. crassa was typically characterised by a male quickly approaching and grasping a female with his chelipeds, and within seconds manoeuvring himself underneath the female into the mating position. The pair remained in copula for 14.6 6 0.5 minutes (range: 4 to 76 min, n ¼ 219) after which they quickly separated. Sometimes, males guarded the females temporarily after mating (25 of 219 matings, 11.4%), which lasted on average 142.5 6 24.9 min (range: 13 to 436 min). However, males did not continue to guard females until females oviposited.
Females were receptive before oviposition for 12.4 6 0.7 days (range: 10-15 days; n ¼ 9) and mated 24.3 6 4.6 times (range: 5-51 times; n ¼ 9) during this period. Matings occurred during daytime (124 of 219) and nighttime (95 of 219) and with no significant difference (paired t-test: t ¼ 1.348, d.f. ¼ 8, P ¼ 0.215). No correlation was found between receptive period and female size (linear regression, r 2 ¼ 0.006, F 1,7 ¼ 0.044, P ¼ 0.840). The mean number of matings decreased significantly over the receptive period until oviposition (linear regression: P , 0.001) (Fig. 4) . There was no correlation between the receptive duration and the number of matings until oviposition (linear regression: r 2 ¼ 0.009, F 1,7 ¼ 0.063, P ¼ 0.809). Some females were observed for several days after oviposition (but not until the end of the receptive period when the opercula become immobile again). Females mated more often before oviposition than after (Fig. 5) . Male size had a significant effect on the relative number of matings (ANOVA: r 2 ¼ 0.665, F 2,24 ¼ 23.871, P , 0.001), with larger males obtaining on average 59.8% of the matings, medium males 27.8%, and small males only 12.4%. Larger males obtained on average significantly more matings than medium-sized (Tukey: P ¼ 0.002) and small males (Tukey: P , 0.001). Furthermore, medium-sized males obtained significantly more matings than small males (Tukey: P ¼ 0.018). In addition, larger males were more often the last male to mate with the female (6 of 9) compared to medium (2 of 9) and small males (1 of 9).
Males often attacked pairs when the male was either holding (82 of 136 attacks) or mating (54 of 136 attacks) with the female. Attackers were mostly medium-sized males (60.3%), followed by large (31.6%) and small males (8.1%). Defenders were mainly large (61.8%), followed by medium (30.1%) and small males (8.1%). The majority of these attacks were successfully repelled by the male of the pair (58.8%), especially when they occurred during mating. However, in 33.8% of the attacks, the pair was separated, and the female ran away and escaped both males. Take-overs occurred only in 7.4% of the attacks (10 of 136) and happened only when the attacker was larger than the defender. Therefore, once a male has gained access to a female, he is likely to keep control of her, especially when he is large. Furthermore, an attacking male is not likely to directly take over a receptive female, but he has a chance to catch her later. Overall, male-male competition was intense, with males frequently fighting over females.
Mating trials with a fine sand substrate.-In the trials where a substrate was provided for burrowing, males and females made burrows but were visible most of the time wandering around, feeding, or resting on the surface. The overall mating behaviour was similar to that described above in trials without substrate. Matings occurred mainly on the surface (76 of 84 matings, 90.5%). In addition, four matings occurred at the burrow entrance of the males (4.8%) and four further down male burrows (4.8%). Typically, only one crab occupied a burrow at any time, and it was therefore not likely that many more matings occurred in the burrows. Pairs mated for 12.0 6 0.5 minutes (range: 3-25 min, n ¼ 84), after which they typically separated immediately afterwards (79.8%). Some males guarded the females after mating either on the surface (n ¼ 14), at the burrow entrance (n ¼ 1), or in the burrow (n ¼ 2) for an average of 204.4 6 56.9 min (range: 13-778 min). All pairs separated eventually independent of where the matings had occurred (i.e., no postcopulatory guarding until oviposition). Therefore, a particular burrow was not used for mating followed by oviposition. Twenty-one pairs that mated on the surface were attacked by another male. Mostly, the pair continued to mate (n ¼ 13); however, six pairs were forced to separate, Fig. 3 . Sex ratio (SR) and operational sex ratio (OSR) of mature Helice crassa collected from transects from 1998 to 2000. The operational sex ratio (OSR) was divided into two types: OSR* refers to all receptive females (with and without eggs), whereas OSR** refers only to receptive females without eggs. and the attacker managed twice to take over the female and to mate with her. None of the pairs that mated at the burrow entrance or inside the burrows were disrupted. Females were observed to lay eggs while on the surface as well as being ovigerous after leaving a burrow, apparently after laying eggs inside the burrow. Overall, 54 attacks on pairs (either pairs mating or male holding a female) were observed. Attackers were mostly medium-sized males (40.4%), followed by large (33.3%) and small males (26.3%). Defenders were mainly large males (54.4%), followed by small (24.6%) and medium (21.1%) males. The majority of these attacks were successfully repelled by the male of the pair (59.6%), which stayed with the female. However, in 28.1% of the attacks, the pair was separated, and the female ran away and escaped both males. In seven cases (12.3%) the attacking male took over the female, and all of those males were larger than the defending male. The average number of attacks per day was similar in the trials with (1.1 attack per day, range: 0-2.5) and without (1.2 attack per day, range: 0.1-4.3) substrate.
Similar to the long-term trials without substrate, male size had a significant effect on male mating success (ANOVA: r 2 ¼ 0.485, F 2,30 ¼ 14.135, P , 0.001). Larger males were again significantly more successful in the average relative number of matings (63.6%) compared to medium (18.0%) (Tukey: P , 0.001) and small (18.4%) males (Tukey: P , 0.001). The time of day (day vs. night) appeared to have an effect on the number of matings with a trend for more matings to occur at night (31 day matings, 53 night matings), although this was only marginally significant (paired t test: t ¼À 2.21, d.f. ¼ 10, P ¼ 0.051).
Mating Observations in the Field.-The behaviour of 52 marked females was observed in field enclosures which contained a total of 455 mature crabs (233 females, 222 males). Marked females walked around, explored burrows, dug new or extended empty burrows, or rested within the enclosure, along the enclosure wall, or in the corner of the enclosure. The naturally occurring crabs within the enclosure seldom interacted with the added females. On two occasions a male ran quickly to a wandering, marked, receptive female and grasped her with his chelipeds. They mated within a few seconds on the surface for six and eight minutes and separated immediately afterwards. No courtship or postcopulatory guarding behaviour was observed. A few times, a burrow holder chased a marked female briefly when it had entered an occupied burrow or came close to a burrow entrance where the burrow holder was feeding. At the end of the observation period all crabs were dug up, and four marked receptive females were found paired with a male in a burrow. In two cases, the pair was mating, and in the others, the marked receptive female and the male were very close together, as if they had just separated or were interrupted from mating. If these four burrow pairs are all assumed to have mated as did the two on the surface, then 15.8% of the receptive females (6 of 38) that were added to the enclosures mated within an hour. This suggests that receptive females were quickly detected by males. Furthermore, males were quick to mate with these receptive females which are usually rare in a natural population (see OSR above). A significant correlation was found between the size of males and females in pairs (with nonovigerous, receptive females) in the field (linear regression F 1,17 ¼ 38.41, r 2 ¼ 0.693, P , 0.001, n ¼ 19), but not for pairs that mated in the laboratory in the long-term trials (F 1,56 ¼ 0.904, r 2 ¼ 0.016, P ¼ 0.346, n ¼ 58) (Fig. 6 ). This suggests that pairs are formed more selectively in the field compared to the laboratory, where all males in the tanks (except three small males) mated with the female that was available at the time irrespective of female size.
Female Gonopore Morphology
The female gonopore morphology of 13 grapsid species was examined in relation to sexual receptivity, i.e., whether mating is restricted to certain times by some morphological structures, or changes, or whether mating is always morphologically possible. Most of the species investigated had fully developed gonopore opercula that were usually immobile and have been observed to become mobile during the mating season (e.g., Cyclograpsus lavauxi, Helice crassa, Hemigrapsus crenulatus (see Brockerhoff, 2002) , H. sexdentatus (see Brockerhoff and McLay, 2005a, b) ), or were immobile at the time of examination and are assumed to develop mobile opercula during the mating season (e.g., Cyclograpsus insularum, Eriocheir japonica, Geosesarma peraccae, Leptograpsus variegatus, Plagusia chabrus, Planes marinus) (Table 1) . Therefore, for these species, mating is morphologically restricted to certain times when immobile gonopore opercula become temporarily mobile. Other species had very small, reduced gonopore opercula which were mobile and appeared to allow mating at any time (e.g., Metopograpsus frontalis Miers, 1880, M. latifrons (White, 1847), M. quadridentatus Stimpson, 1858). In addition, information on the gonopore morphology of other grapsid species was collected from the literature to expand this analysis (Table 1) . Three genera (Cyclograpsus, Pachygrapsus, and Plagusia) were found to contain species in both groups (i.e., where mating is morphologically restricted to certain times or always possible). For example, females of all Cyclograpsus species have well-developed gonopore opercula; however, in some species the gonopore opercula are usually immobile and become temporarily mobile during the mating season (e.g., C. insularum and C. lavauxi), whereas in another species these gonopore opercula are apparently always mobile (C. integer H. Milne Edwards, 1837). This demonstrates that there is a high variability within the Grapsidae concerning female gonopore structures and the duration of female receptivity, which will have an impact on the mating behaviour and strategy each species can employ.
DISCUSSION
Cyclograpsus lavauxi: Mating season, Mating Behaviour, Female Receptivity and Sperm Storage Cyclograpsus lavauxi was found to have a single highly synchronised mating season per year, which is a pattern similar to that found in Hemigrapsus sexdentatus (see Brockerhoff and McLay, 2005b) . In addition, receptive females were very rare during the reproductive period in the field in both species (e.g., less than 7.2% receptive females were collected at any one time). As there are no indications that females of these two species leave the sampled intertidal area (Nye, 1977; McLay, 1988; Brockerhoff and McLay, 2005b) , it seems that females are receptive for only a very short time in the field, probably less than 24 hours. If females were receptive for longer in the field, i.e., a few days as observed in the laboratory, then more receptive females should have been found during the mating season in the field. Why females are receptive for longer in the laboratory compared to the field needs to be investigated. In either case, such a short receptive period of the females causes a highly male-biased operational sex ratio, which increases malemale competition and the potential for sexual selection.
In the laboratory, female C. lavauxi that were housed temporarily with males and did not mate were receptive for a significantly shorter period of time than females that mated, although both had a similar range in the duration of receptivity. The opposite was found for two other grapsid species, Hemigrapsus sexdentatus (see Brockerhoff and McLay, 2005a) and H. crenulatus (see Brockerhoff, 2002) when females were either isolated from males or males were temporarily or continuously present. An extended receptive period as found in isolated females of H. sexdentatus and H. crenulatus gives these females more time to find a mate; however, the shortened receptive period of C. lavauxi decreases their chance of mating.
Female C. lavauxi mated only a few times (average of 0.6 matings/female) during their receptive period in the shortterm trials, although they were receptive on average for about a week in the laboratory and had an opportunity to mate every day. The low number of matings of females in the short-term trials might be partially explained by the high interference of males with each other and with newly formed pairs, which might have prevented successful matings, and the limited hiding opportunities in the tanks. In the field, pairs were more likely to hide beneath and between rocks and pebbles and therefore avoid interference by other crabs. The number of female matings (range of 1-3 matings) in the long-term trials is more likely to reflect the real number of matings in the field because all ovigerous females in the field had freshly filled spermatheca (i.e., they all had mated), and their spermatheca weight was in the range of the females that had mated once or twice in the laboratory.
The mean duration of copulations in C. lavauxi was about two hours, which was much longer than the average 10 to 15 min reported for the other three New Zealand grapsid species studied, H. crassa, Hemigrapsus sexdentatus (see Brockerhoff and McLay, 2005a) and H. crenulatus (see Brockerhoff, 2002) . In addition, male C. lavauxi held females on average for an hour prior to mating, whereas the other New Zealand grapsid species mated within minutes. The duration of copulation is also shorter in the grapsid crabs Sesarma reticulatum (Say, 1817) (41.3 min), S. cinereum [this is now known as Armases cinereum (Bosc, 1802)] (33.2 min) (Seiple and Salmon, 1982) . Males might use an extended copulation duration to have longer control over the female during her limited time of sexual receptivity Fig. 6 . Size of male and female pairs of Helice crassa observed in the laboratory during long-term trials (n ¼ 58, trials with and without substrate combined) and field (n ¼ 19). Linear regressions: laboratory pairs, y ¼ 0.2463x þ 11.254; field pairs, y ¼ 1.021x þ 0.2633. because it will reduce the potential for other males gaining access to the female. Alternatively, the extended copulation duration of C. lavauxi could have a physiological explanation such as time necessary for sperm transfer.
Helice crassa: Mating season, Mating Behaviour, and Female Receptivity Ovigerous female H. crassa were found during the spring and summer months (August to February), which were Metopaulias depressus Rathbun, 1896 Hartnoll 1965 Hartnoll , 1968 Plagusia depressa (Fabricius, 1775) Hartnoll 1965 * Formerly placed in the genus Sesarma but now placed in Armases by Abele (1992) . Fig. 7 . Relative mating success of large, medium, and small males of Cyclograpsus lavauxi (n ¼ 13), Helice crassa (n ¼ 9), Hemigrapsus crenulatus (n ¼ 11) (Brockerhoff, 2002) , and Hemigrapsus sexdentatus (n ¼ 14) (Brockerhoff and McLay, 2005a) in the presence of one female in long-term trials (without substrate) until oviposition. Operational sex ratio of one female to three males. The letters indicate statistically significant differences within a species. similar to reports from other sites in New Zealand (Wear, 1970; Nye, 1977; Jones, 1980) . During this time, female H. crassa typically produce two broods (Nye, 1977) . The mating season in the field is spread out over several months, with few receptive females found at any one time, causing a highly male-biased OSR. In the laboratory, female H. crassa were receptive for up to two weeks prior to oviposition and mated many times during this time, causing high male-male competition and sperm competition within the female spermatheca. Male H. crassa fought frequently over females, which resulted in larger males having more matings, gaining more access to, and defending females better than smaller males. The higher mating success of large males compared to medium and small males has been observed for all four grapsid species from New Zealand, which have been recently studied in long-term trials under similar laboratory conditions, i.e., Hemigrapsus sexdentatus (see Brockerhoff and McLay, 2005a) , H. crenulatus (see Brockerhoff, 2002) , Cyclograpsus lavauxi, and Helice crassa (Fig. 7) . The mating frequency of female H. crassa decreased during the receptive period in the laboratory. This could be due to the female either becoming less interested in mating because the spermatheca is relatively full, or becoming less attractive to males, i.e., because the female could be releasing less pheromone. Alternatively, male sexual activity could be decreasing because of a lack of interest in mating repeatedly with the same female or depleted sperm supply due to the high number of copulations (up to 37 times) during the long-term trials.
Matings of H. crassa were observed on the substrate surface (surface mating, SM) as well as underground (underground mating, UM) in the laboratory and field. Previously, only surface mating had been observed for H. crassa (see Beer, 1959; Nye, 1977) , and to our knowledge no other grapsid crab has been observed to mate underground. However, underground matings probably do occur in some of the other burrowing grapsid species, such as Sesarma reticulatum (see Seiple and Salmon, 1982) . In the laboratory, matings were significantly more common on the surface for H. crassa, but appeared to be more common underground in the field. However, as only a limited number of matings were observed in the field (n ¼ 6) and it cannot be excluded that a few undetected UM occurred during the observation time, the exact relationship between SM vs. UM in the field needs to be established. In the laboratory, UM's were not interrupted by other males. Therefore, UM increases a male's chance to successfully mate with a female. In addition, the burrows are likely to provide protection against predators during mating in the field. However, in the laboratory, pairs always separated after mating, even after mating in burrows, which indicates that a particular burrow is not used for mating followed by oviposition. Furthermore, burrows of H. crassa appear to be relatively temporary structures in the field because more than 75% of the crabs occupied a burrow for only one day and most of the burrows disappeared after one day (Sivaguru, 2000) . No crab stayed in the same burrow for more than a week (Sivaguru, 2000) . This also supports the idea that although burrows are used as sites for mating, they are less likely to be used by males as long-term sites for 'securing' receptive females until oviposition and to ensure their paternity, which as has been suggested for some ocypodid crabs (Koga et al., 1993) . In addition, because of the short longevity of the burrows of H. crassa (Sivaguru, Table 2 . The occurrence of a short courtship display and prolonged postcopulatory guarding in grapsid crabs. Courtship is referred to if it is anything more than a male simply approaching a female, touching the female with his walking legs and before embracing the female for copulation. Present, þ; not present, -; * formerly placed in the genus Sesarma but now placed in Armases by Abele (1992) .
2000), the same burrow cannot be permanently used as a site for incubation, as the eggs take about 35 days to develop before the larvae hatch (Nye 1977) . Similar to H. crassa, some ocypodid crabs mate on the surface as well as underground, e.g., Uca beebei Crane, 1941 (Christy, 1987) , Uca lactea (De Haan, 1835) (Murai et al., 1987) , and Scopimera globosa (Koga, 1998) , and females often oviposit in their own burrows.
Comparison of Reproductive Strategies within the Family Grapsidae s.l.
Mating Behaviour of Grapsidae.-Mating behaviour of the Grapsidae is often restricted to a very short encounter between a male and a female for copulation. Grapsid crabs do not display elaborate courtship behaviour. Typically, a male quickly approaches a female and grasps her without any previous courting, e.g., Hemigrapsus spp. (Table 2 ). For some species, a brief courtship display has been observed, such as rhythmical lifting of the chelae by the male (e.g., Goniopsis cruentata (Latreille, 1803), Grapsus grapsus (Linnaeus, 1758), and Sesarma eumolpe); rhythmical pushing against the male's chelae shield posture by the female (Eriocheir sinensis H. Milne Edwards, 1853); a dance (e.g., Eriocheir sinensis, Grapsus grapsus, and Pachygrapsus crassipes); straddling and tapping of females by males (e.g., Gaetice depressus, Sesarma reticulatum, Sesarma cinereum); or the attraction of females with the production of drumming sounds with the walking legs by the male (e.g., Sesarma curacaoense De Man, 1892, and S. rectum Randall, 1840) (see Table 2 for references). Courtship displays have been observed mainly above the water level except for Eriocheir sinensis (see Schöne, 1968) . This might be partially explained by easier access for observations and a bias in the number of studies towards semiterrestrial species compared to subtidal and oceanic species, which are often more difficult to investigate (e.g., Planes spp., which live on flotsam in the open ocean). In addition, whether pheromones are involved in attracting mates has not been investigated for any grapsid crabs. As grapsid females typically do not display their receptivity with a special reproductive behaviour, it is likely that females release chemical cues to advertise their receptivity as has been suggested and shown for other crustaceans (Christofferson, 1978; see review Dunham, 1978; Imafuku, 1986; Bamber and Naylor, 1997) . Although we didn't investigate pheromones, much of the behaviour of New Zealand male grapsids indicated that they were responding to a chemical signal.
Prolonged postcopulatory guarding by the male has so far only been observed for two grapsids, Hemigrapsus crenulatus and H. sexdentatus (Table 2) . Postcopulatory guarding has been argued to be an important behaviour in ensuring paternity and reducing sperm competition within the female spermathecae (Jivoff, 1997) . It is surprising that postcopulatory guarding has not been observed for any other grapsid species so far. However, this might be partly due to the lack of studies. Therefore, postcopulatory guarding might also be found in other grapsid species in the future, e.g., in other Hemigrapsus species or in burrowing Sesarma or Armases species. Males of several burrowing ocypodid species have been reported to plug their burrows after mating or stay with the female until oviposition (e.g., Christy, 1982; Koga, 1998; Koga et al., 1999) presumably to ensure paternity. As grapsid crabs occupy a diverse range of habitats, a high diversity of sites for mating occurs, e.g., on the surface, in burrows, or under rocks (Table 2) . Consequently, a variety of mating strategies would be expected, depending on the habitat the species occupy, to ensure mating success and to avoid other risks such as predation during mating (see below).
Male grapsids mate typically during the intermoult, e.g., Cyclograpsus punctatus (see Brockhuysen, 1941) , Metopograpsus messor (see Anilkumar et al., 1999) , and Sesarma ricordi (see Warner, 1967 ) (also all species in Table 2 except Pachygrapsus crassipes). Furthermore, the timing of mating is often directly linked to oviposition, and mating occurs in the few days prior to oviposition, e.g., Cyclograpsus lavauxi, Helice crassa, Hemigrapsus crenulatus (see Brockerhoff, 2002) , and H. sexdentatus (see Brockerhoff and McLay, 2005a) . In addition, some females also mate after oviposition (e.g., Helice crassa). The only known exception to this general pattern is Pachygrapsus crassipes, which has been observed to mate within hours after the female moulted and on one occasion an 'attempted' copulation while the female was carrying eggs (Hiatt, 1948) . All other species, which have been tested for sexual receptivity after moulting, were found to be unreceptive soon after moulting, e.g., Sesarma reticulatum (see Zimmerman and Felder, 1991) , Gaetice depressus (see Fukui, 1993) , and Hemigrapsus crenulatus (see Brockerhoff, 2002) .
The duration of receptivity in female grapsids is unknown for most species, although two major groups can be distinguished: females for which sexual receptivity is restricted morphologically to certain times (often only few days) and females which are morphologically always able to mate (Tables 2, 3 ). Females of the latter group, however, might not necessarily always be receptive or attractive to males.
Mating Strategies of Grapsidae
The ecological and behavioural potential to monopolise mates is a major element of the mating strategy of a species (Emlen and Oring, 1977) . In addition, the combination of male and female strategies or choices will determine the overall reproductive strategy of a species. Christy (1987) grouped mating associations of brachyuran crabs according to the mode of male competition for females. He divided male competition into three general categories with several subdivisions: 1. female centered competition (search and defend, patrol and defend, capture and defend, attract and defend); 2. resource centered competition (breeding site defence, refuge defence); and 3. encounter rate competition, during which males try to maximise the probability of meeting a female but neither defend females nor resources (neighbourhoods, search/interception). Christy (1987) provided grapsid examples for the last two categories, but not for the first one, as at the time there were few grapsid species for which comprehensive information was available. The present study enables a more thorough examination of the relationship between the use of certain mating strategies and other behavioural and habitat variables (Tables 2, 3 ). This extended analysis shows male grapsid crabs employ a variety of strategies, and present examples in all three major categories, i.e., female centered, resource centered, and encounter rate competition. Despite these different male strategies, many female grapsids have been observed to mate multiple times and often with different males (Table 3, Brockerhoff, 2002; Brockerhoff and McLay, 2005a) . Therefore, none of the male strategies, which are all aimed at ensuring the male's success in fertilisation of ova, can completely prevent the female from mating with other males. Sperm competition within the female spermatheca therefore is a common feature within the Grapsidae.
The timing and duration of female receptivity is expected to have an impact on a male's strategy, because it will influence the amount of time a male might invest in staying with a receptive female by defending or guarding her, or in searching for other receptive females so as to achieve maximum reproductive success (Parker, 1970) . Furthermore, a male strategy will also depend largely on how sperm is used (i.e., first or last male sperm precedence). However, as for most grapsid species no detailed information is available so far on the exact duration of female receptivity and sperm precedence. Only limited preliminary conclusions can be drawn at this time when comparing male strategies with female receptivity.
Initially, we expected that a short female receptive period (i.e., a few days) would generally elicit a male strategy that would ensure a high probability of paternity such as guarding or defending of receptive females. However, this was not the case, as males of some species followed a search and intercept strategy (e.g., Cyclograpsus lavauxi, Helice crassa), whereas others guarded and defended females with a short receptive period (e.g., Hemigrapsus crenulatus, H. sexdentatus) (Table 3) . Similarly, the occurrence of multiple matings by the females did not appear to influence the male's mating strategy. For example, although the females of many species mated multiple times (Table 3) , only some species (e.g., Hemigrapsus sexdentatus, H. crenulatus) employed a guarding strategy that would reduce the probability of the female mating with other males. However, a male's reproductive success in this context will also depend on the way the sperm is stored within the female spermathecae. Most grapsid crabs appear to have ventraltype spermathecae, a type that has been shown to favour the last male's sperm during fertilisation (Diesel, 1991; Koga et al., 1993; Urbani et al., 1998) . Therefore, a guarding strategy would be expected to increase a male's fertilisation probability. However, once the exact pattern of paternity for the different grapsid species is established, better predictions can be made.
The habitat is another criterion that is expected to influence a male's strategy to maximise his reproductive success. There are some examples that seem to link species that inhabit a 'stable' or relatively permanent habitat with a resource centered competition for females such as males defending crevices (Pachygrapsus transversus; Abele et al., 1986) or long lasting burrows (Sesarma reticulatum; Seiple and Salmon, 1982; Zimmerman and Felder, 1991) as sites for mating.
Hemigrapsus sexdentatus and C. lavauxi both occur in a rocky habitat (McLay, 1988) , but at different intertidal zones and are therefore differentially exposed to wave action and air. Hemigrapsus sexdentatus lives in the mid-intertidal zone, where it typically hides under stones and boulders during low tide, often in small puddles (McLay, 1988) and so is exposed to air for about half the tidal cycle. This habitat appears to give H. sexdentatus enough protection from desiccation, wave action, and predators to allow males to search for and defend receptive females for a prolonged period (female centered competition).
In contrast, Cyclograpsus lavauxi lives in the highintertidal zone among rocks and boulders and is exposed to wave action only during high tide and to air for much longer Table 3 . Mating associations of grapsid crabs sorted by the mode of male competition for females. Females of all of these species mate during the intermoult, except Pachygrapsus crassipes, which also mates in the hours after moulting. periods during low tide (McLay, 1988) . Cyclograpsus lavauxi backs up diagonally against stones and holds onto them with the last pair of legs, a behaviour that stabilises the crab against the effect of the waves (McLay, 1988) . In this habitat, male C. lavauxi perhaps cannot easily stabilise themselves and guard receptive females at the same time for a prolonged period as they will get washed away by the water during high tide. In addition, females also carry the risk of getting washed away and therefore are likely to resist prolonged guarding attempts by males. Furthermore, the probability of desiccation (during low tide) and predation will be smaller for a single crab that is concealed and protected closely under a rock than a 'bulky' pair trying to fit underneath a stone. Therefore, male C. lavauxi follow a mating mode in which they search for and intercept a receptive female only for the duration of mating and then move on until they encounter another receptive female (encounter rate competition: pure search and interception).
The high bird predation rates on the open mud flats for Helice crassa coupled with the short lifetime of burrows (about one day; Sivaguru, 2000) , which are not used for egg incubation by the females, are likely to be important factors in the evolution of the male mating strategy, in which males neither directly compete for females nor for resources. Instead, male Helice crassa searched for receptive females in their immediate neighbourhood and mated with them briefly on the substrate or in the burrow after which they parted company (encounter rate competition: neighbourhoods of dominance).
Hemigrapsus crenulatus lives in the mid-to low-intertidal zone in sheltered habitats, where it either hides under stones or buries in soft substrates such as mud and clay (McLay, 1988 ). Similar to that of H. sexdentatus, this habitat appears to give the crabs enough protection from desiccation, wave action, and predators to allow males to search for and defend receptive females for a prolonged period of time (female centered competition).
Therefore, the different habitats and behaviours needed to survive in them, such as finding physical protection from wave action and reducing the risk of desiccation and predation, appear to play an important role in shaping the different mating systems of Hemigrapsus sexdentatus, H. crenulatus, C. lavauxi, and Helice crassa.
The duration of the reproductive season and the duration of female receptivity of Hemigrapsus sexdentatus and C. lavauxi are very similar: both have a highly synchronous mating season once per year, and females are receptive for only a few days. However, the mating strategies of males of these species are different in that male H. sexdentatus guard females and therefore increase their chance of reproductive success, whereas this behaviour does not occur in male C. lavauxi. Again, habitat differences are likely to influence the male's strategy. In addition, a high degree of aggression was observed for C. lavauxi in the laboratory, which might cause the female to quickly leave after mating and thereby avoid injury.
Similarly, differences in the mating systems of other species (some of which even belong to the same genus) may be explained by differences in their ecology, such as distribution, density, predation, feeding, clutch size, and breeding requirements. For example, differences in the mating systems of the ocypodid crabs Uca pugilator (Bosc, 1802) (resource-defence mating system) and U. vocans (Linnaeus, 1758) (resource-free mating system) have been correlated to the ecology of these species (Christy and Salmon, 1984) , and similarly suggested for the grapsid crabs Sesarma reticulatum and S. cinereum, respectively (Seiple and Salmon, 1982) .
In summary, grapsid crabs show a high diversity of mating strategies, in which males clearly play the more active part concerning the approach and guarding of females as well as fighting with other males over females. As female duration of receptivity is often restricted to a limited time, a highly male-biased OSR increases male-male competition during which larger males are often more successful. Sperm competition within the female spermatheca, due to multiple mating by the female, was common for many grapsid species. However, so far it appears that only a few species have developed behaviour, such as prolonged postcopulatory guarding, or other mechanisms that reduces the risk of sperm competition.
